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THE  PROBLEM 

To  determine  the  diffusional  and  metabolic  components  of 
nitrogen  elimination.  Using  correction  factors  for  nitrogen 
elimination  the  possibility  of  improving  decompression  tables 
exists . 

FINDINGS 

The  diffusional  component  of  nitrogen  elimination  was  separ¬ 
ated  from  the  metabolic  component  of  nitrogen  elimination  using 
nitrogen  washout  procedures  in  helium-oxygen  atmospheres  over 
a  period  of  18  hours.  The  metabolic  component  was  measured  at 
0.5  ml/min.  This  figure  could  be  used  for  a  correction  factor  in 
the  calculation  of  decompression  tables. 

Cyclic  variations  in  the  ratio  of  expired  to  inspired  nitrogen 
in  7  subjects  participating  in  saturation  dives  to  200  feet  and 
saturation-excursion  dives  to  800-1000  feet  appear  to  provide  evi¬ 
dence  for  delayed  nitrogen  excretion  which  might  be  related  to 
metabolic  nitrogen  production . 

APPLICATION 

This  information  is  important  to  Diving  Medical  Officers  and 
Research  personnel  concerned  with  diving  operations  and  de¬ 
compression  studies. 
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ABSTRACT 


The  contributions  of  cutaneous  diffusion  of  atmospheric  nitrogen  to  pulmonary 
nitrogen  elimination  was  determined  by  mass  spectrometric  analysis.  In  short 
term  experiments,  subjects  were  enclosed  in  gas-tight  bags  containing  helium,  O2, 
N2  or  air  while  breathing  room  air.  Moreover  24  hour  studies  of  nitrogen 
elimination  were  carried  out  in  a  pressure  chamber  in  which  the  ambient  gas 
composition  as  well  as  the  total  pressure  was  varied.  A  linear  relationship  be¬ 
tween  ambient  PN2  and  nitrogen  elimination  through  the  lungs  was  established.  At 
zero  PN2  ambient  nitrogen  elimination  was  present  after  18  hours  and  amounted 
to  0.5  ml/min.  This  is  considered  the  metabolic  component  of  gaseous  nitrogen 
excretion.  Although  this  amount  appears  very  small,  it  can  account  for  the 
frequency  found  deficit  between  nitrogen  intake  (in  food)  and  nitrogen  elimination 
via  urine  and  faeces.  Mass  spectrometric  analysis  of  ambient  and  expired  air 
samples  collected  during  three  saturation  excursion  diving  experiments  showed  in 
all  seven  subjects  cyclic  variations  in  the  ratio  of  expired/inspired  nitrogen  while 
the  simultaneously  measured  respiratory  quotient  remained  constant.  Whether 
these  delayed  nitrogen  excretions  are  due  to  release  of  nitrogen  from  pools  in 
poorly  perfused  tissues  or  altered  metabolic  processes  cannot  be  stated  at  this 
time. 

One  example  of  the  development  of  large  differences  between  expired  and  in¬ 
spired  nitrogen  was  found  during  decompression  of  a  diver  following  an  air  dive 
to  198  feet.  Breath-by-breath  monitoring  with  a  mass  spectrometer  demonstrated 
a  sudden  increase  in  the  differences  of  expired  and  inspired  nitrogen  following 
a  normal  nitrogen  washout  curve  while  breathing  oxygen.  This  occurred  at  the 
same  time  the  diver  experienced  skin  bends .  The  latter  lasted  for  about  1  hour 
and  40  minutes  as  did  the  increase  in  PN2E/PN2  I.  In  this  case  the  develop¬ 
ment  of  bends  appears  to  be  associated  with  inability  to  eliminate  nitrogen 
properly. 
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DIFFUSIONAL  AND  METABOLIC  COMPONENTS  OF  NITROGEN  ELIMINATION 
THROUGH  THE  LUNGS:  EFFECT  OF  PRESSURE 


INTRODUCTION 

The  question  of  whether  or  not  free 
nitrogen  is  eliminated  from  the  body 
via  the  lungs  has  presented  an  intrigu¬ 
ing  challenge  to  the  biological  sciences 
for  more  than  a  century.  The  difficul¬ 
ties  did  not  lie  solely  in  the  extraordi¬ 
nary  accuracy  and  sensitivity  of  the 
methods  required  to  obtain  valid  data, 
but  perhaps  more  importantly  in  formu¬ 
lating  satisfactory  concepts.  Without 
recounting  a  historical  survey,  it  seems 
appropriate  to  mention  a  few  critical 
points  in  the  development  of  the  present 
status  of  this  problem. 

August  Krogh,  one  of  the  pioneers  of 
modern  physiology,  made  a  major  con¬ 
tribution  to  this  field  and  won  the  Seegan 
prize  of  the  Imperial  Academy  of  Vienna 
for  his  investigations  of  a  possible  par¬ 
ticipation  of  free  nitrogen  in  metabo¬ 
lism. He  characterized  the  existing 
situation  by  describing  two  camps  en¬ 
gaged  in  battle  with  each  other.  On  the 
one  side  were  investigators  who  used 
respiration  experiments  and  who  agreed 
that  excretion  of  gaseous  nitrogen  takes 
place,  e.g.  Regnault  and  Reiset. 24  On 
the  other  side  were  the  proponents  of 
nitrogen  balance  studies  such  as  Pet- 
tenkofer  and  Voit^who  contended  that 
all  nitrogen  ingested  in  food  appears 
again  in  the  urine  and  faeces.  Krogh 
noted,  that  "neither  side  can  convince 
the  other,  but  each  points  to  the  numer¬ 
ous  sources  of  errors  which  beset  the 
methods  not  adopted  by  themselves  and 
I  would  venture  to  say  that  both  parties 
are  right  in  so  doing.  Krogh  decided 


to  use  the  closed  respiration  apparatus 
of  Regnault  and  for  better  accuracy  im¬ 
mersed  it  in  a  constant  temperature 
bath.  Regnault  and  Reiset  had  observed 
a  rather  substantial  variable  production 
of  nitrogen  equal  in  volume  to  one  and  a 
half  percent  of  the  oxygen  volume  ab¬ 
sorbed.  Krogh  demonstrated  that  this 
was  partly  explained  by  the  erroneous 
assumption  of  the  authors  that  the  tem¬ 
perature  of  the  animal  chamber  must 
be  equal  to  that  of  the  water  bath. 

Krogh  stated  "my  three  series  of  res¬ 
piration  experiments,  with  chysalides, 
eggs  and  mice,  show  an  extremely 
slight  production  of  gaseous  nitrogen, 
amounting  in  the  case  of  eggs  to  1.5cc. 
during  the  whole  period  of  incubation 
and  in  mice  up  to  0.01  percent  of  the 
absorbed  volume  of  oxygen  Js  Krogh's 
critical  experiments ,  carried  out  with 
extraordinary  care  and  accuracy, 
gained  him  international  renown.  They 
were  considered  as  proof  that  nitrogen 
does  not  participate  in  the  respiratory 
metabolism  as  stated  by  Rehberg23,  and 
seemed  to  have  answered  Benedict’s 
query3,  that  such  a  proof  was  still  lack¬ 
ing  in  spite  of  the  assumption  of  physi¬ 
ologists  that  no  excretion  of  nitrogen 
takes  place.  From  then  on,  the  as¬ 
sumption  of  equality  of  inhaled  and  ex¬ 
haled  nitrogen  was  firmly  established 
and  found  its  expression  in  the  relevant 
formulas  for  calculation  of  oxygen  con¬ 
sumption  and  carbon  dioxide  excretion. 

As  a  matter  of  fact,  Krogh  found 
some  gaseous  nitrogen  excretion  in  all 
his  experiments ,  albeit  an  extremely 
small  amount.  However,  he  found  it 
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difficult  to  interpret  such  a  small 
amount  of  nitrogen  excretion,  since  no 
pathway  for  liberation  of  gaseous  ni¬ 
trogen  from  metabolism  had  been 
demonstrated  in  higher  animals . 

Rather  than  leave  the  issue  unre¬ 
solved  until  further  data  came  along, 
the  observed  difference  between  inhaled 
and  exhaled  nitrogen  was  simply  dis¬ 
carded  as  being  practically  within  the 
limits  of  error  of  the  methods .  The 
matter  rested  thus  for  about  fifty  years. 
A  good  review  of  nitrogen  balance 
studies  has  been  given  by  Duncan®. 
Systematic  discrepancies  between  ni¬ 
trogen  balance  values  and  nitrogen  re¬ 
tention  determined  by  carcass  analysis 
in  rats  were  reported  by  Nehring20, 
Muller,  Wilmes  and  Knappeni7,  and 
Neubert2/ 

Cumulative  nitrogen  balance  meas¬ 
urements  suggested  higher  retention  of 
nitrogen  than  were  found  by  carcass 
analysis.  The  "loss"  of  nitrogen  was 
particularly  marked  by  feeding  of  rat 
diets  with  higher  protein  levels .  Costa6 
compared  nitrogen  balances  with  live- 
weight  changes  in  dogs,  rats  and  mice 
and  found  that  positive  nitrogen  balances 
indicating  retention  of  nitrogen  was  not 
reflected  in  weight  gain  of  animals.  To 
explain  this  discrepancy,  Costa  sug¬ 
gested  a  hypothetical  pathway  of  nitro¬ 
gen  metabolism  by  which  a  small  amount 
of  nitrogen  gas  is  eliminated  through 
respiration.  In  further  studies  of  mice 
in  closed  metabolic  systems  using  mass 
spectrometric  determinations,  Costa 
et  al7  concluded  "that  some  food  could 
be  converted  into  nitrogen  gas"  in  quan¬ 
tities  which  would  balance  the  nitrogen 
equation.  Similar  results  were  obtained 
in  human  subjects .  Nitrogen  concentra¬ 


tion  ih  the  chamber  which  had  a  volume 
of  950  liters  and  which  had  been  made 
nitrogen-free  increased  during  the  first 
6  hours  corresponding  to  a  nitrogen  ex¬ 
cretion  from  the  body  of  about  300-400 
milliliters.  Muysers^®  found  in  1969, 
analyzing  inspired  and  expired  air  with 
the  mass  spectrometer  and  with  volu¬ 
metric  methods,  that  nitrogen  was  ex¬ 
creted  through  the  lungs .  In  resting 
conditions,  it  averaged  3.2  ml/minfor 
women  and  5.9  ml/min.  for  men.  As¬ 
suming  an  average  oxygen  consumption 
of  about  200  ml/min  for  men,  the  ni¬ 
trogen  elimination  through  the  lungs 
would  amount  to  about  2 . 1%  of  the  oxy¬ 
gen  intake. 

More  recently,  Cissik  and  Johnson5 
investigated  nitrogen  production  values 
in  steady  state  conditions  using  standard 
open  circuit  methods  with  two  Tissot 
spirometers.  They  reported  values  of 
gaseous  nitrogen  excretion  as  high  as 
208  ml/min.  amounting  to  66%  of  the 
oxygen  consumption  under  conditions  of 
high  protein  intake.  These  values  are 
quite  out  of  line  with  all  previous  find¬ 
ings  obtained  in  investigations  covering 
more  than  a  century;  therefore  the  bur¬ 
den  should  be  placed  on  these  investiga¬ 
tors  to  explain  their  results. 

The  problem  of  gaseous  nitrogen  ex¬ 
cretion  through  the  lungs  is  a  complex 
one .  At  least  two  processes  seem  to  be 
involved:  (1)  transcutaneous  diffusion 
of  atmospheric  nitrogen  through  the 
skin;  and  (2)  metabolic  production  of 
gaseous  nitrogen.  The  skin  diffusion  of 
nitrogen  and  argon  was  determined  by 
Klocke  et  ali4  at  the  lower  arm.  Ex¬ 
trapolating  the  data  obtained  on  the  arm 
to  the  total  body  surface,  it  was  calcu¬ 
lated  that  under  the  given  conditions 
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with  a  skin  surface  area  of  2  m2,  0.07 
ml/min.  of  nitrogen  and  0.002  ml/min. 
of  argon  were  taken  up.  Based  on  these 
data  only  1.2%  of  the  5.  8  ml/min.  ni¬ 
trogen  excretion  found  in  the  current 
study  could  be  explained  by  skin  diffu¬ 
sion.  Skin  diffusion  of  Ng  may  explain 
the  findings  of  L undin who  observed 
that  nitrogen  was  still  eliminated 
through  the  lungs  after  24  hours  of  oxy¬ 
gen  breathing.  Groom  and  FarhiJ0  have 
demonstrated  in  nitrogen  washout  curves 
in  dogs,  using  Og  breathing,  that  after 
3  hours,  the  venous -arterial  N2  differ¬ 
ence  remains  constant  and  that  under 
these  conditions  the  rate  of  skin  diffu¬ 
sion  of  nitrogen  equals  the  rate  of  re¬ 
moval  of  nitrogen  from  the  lungs . 

Critical  experiments  to  be  carried 
out  appeared  to  be  prolonged  nitrogen 
washout  curves ,  while  eliminating  ni¬ 
trogen  diffusion  by  enclosing  the  body 
in  a  nitrogen-free  atmosphere.  Such 
studies  were  performed  and  are  de¬ 
scribed  in  this  report.  An  attempt  was 
made  to  differentiate  the  diffusional 
from  the  metabolic  components  of  ni¬ 
trogen  excretion.  Moreover,  more  in¬ 
formation  was  obtained  about  nitrogen 
elimination  under  increased  pressure. 


METHODS 

If  the  Respiratory  Quotient  (R)  is  not 
equal  to  1,  then  the  nitrogen  tension  of 
partial  pressure  in  the  inspired  air  is 
not  equal  to  the  nitrogen  pressure  in  the 
expired  air .  An  increase  in  the  nitro¬ 
gen  of  the  expired  air  on  its  own  does 
not  prove  the  existence  of  nitrogen 
elimination.  For  a  state  of  equilibrium 
to  exist,  it  is  generally  held  that  the 
quantity  of  inhaled  and  exhaled  nitrogen 


will  be  equal .  The  same  conditions  ap¬ 
ply  for  argon,  which  is  at  a  level  of 
0.93%  in  the  atmosphere. 


If  these  assumptions  are  correct,  the 
expiratory  and  inspiratory  concentra¬ 
tion  relationships  of  argonr^^f  must 
be  equal  to  or  a  reasonable  average  of 
the  same  ratio  of  inspired  and  expired 
nitrogen  -£§^2 .  The  respiratory  quo¬ 
tient  or  momentary  quotient  and  the  re¬ 
sulting  intrathoracic  volume  changes 
would  have  the  same  significance  for 
those  two  expressions.  Using  a  mass 
spectrometric  analysis  of  inspired  and 
expired  air,  with  four  different  types  of 
mass  spectrometers,  it  was  found  that 


the  quotient  of 


from  the  quotients 


Ar 


behaves  differently 


FEN? 

FIN! 


or 


FEA  .  FIN^ 
FIAr 


-  FEN2 / 0 


Technique 


If  U  represents  the  voltage  of  the 
mass  spectrometer  proportional  to  the 
argon  and  nitrogen  concentrations  and 
if  the  ion  currents  are  amplified  in  such 
a  form  that  for  room  air  or  any  dilu¬ 
tions  of  room  air  by  oxygen,  helium  or 
any  other  gas  do  not  affect  the  measure¬ 
ments  of  N2,  and  if  UAr  equals  UN2, 
then  the  voltage  of  argon  equals  the 
voltage  of  nitrogen,  or  the  quotient  of 
UIN2/UIAr  equals  1.  The  difference 
between  UEAr  and  UEN2  could  be  read 
directly  at  the  digital  voltmeter . 

If,  for  expired  gas,  these  differences 
are  not  zero,  but  negative,  this  could 
mean  either  a  nitrogen  elimination  from 
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the  lungs,  or  an  argon  uptake  by  the 
lungs  or  both. 

For  such  investigations ,  a  very  high 
degree  of  accuracy  is  necessary.  In 
the  instruments  used,  the  accuracy  for 
UN2  and  UAr  was  such  that  a  difference 
of  5  parts  per  million  between  two  sam¬ 
ples  could  be  clearly  detected.  The 
drift  of  the  instrument  was  below  0. 5% 
of  full  scale  per  hour. 


Experimental  procedures 

In  order  to  arrive  at  the  quantitative 
measurement  of  nitrogen  which  is  taken 
up  via  the  skin,  studies  were  done  with 
eight  subjects. 

The  men  were  encased  in  gas-proof 
bags .  These  bags  were  filled  with  an 
atmosphere  consisting  of  either  pure 
oxygen,  nitrogen,  or  helium.  During 
their  stay  in  these  bags,  the  subjects 
were  breathing  ordinary  room  air 
through  a  mouth-piece  protruding 
through  their  gas-filled  bag.  Previous 
tests  had  made  sure  that  these  bags 
were  sufficiently  sealed  so  that  no  ni¬ 
trogen  or  argon  could  escape. 

By  adding  0.93%  argon,  the  atmos¬ 
phere  surrounding  the  subjects  was 
made  comparable  to  that  of  the  room 
air  they  were  breathing,  in  regard  to 
concentration  of  argon.  In  this  way  the 
previously  described  requirements  for 
mass  spectrometric  analysis  were  ful¬ 
filled. 

In  a  second  series  of  studies ,  the 
duration  of  the  experiments  was  ex¬ 
tended  to  approximately  24  hours  to  de¬ 
termine  the  influence  of  different  gas 


compositions  of  the  ambient  air  and  of 
increased  pressure  on  the  nitrogen 
elimination  through  the  lungs  as  a  func¬ 
tion  of  time .  Each  of  six  subjects  was 
exposed  to  the  following  atmospheres: 

(1)  2  ATA-air;  (2)  ATA-air  plus  1  ATA- 
helium,  and  (3)  0.2  ATA  oxygen  and  0.8 
ATA  helium  in  a  pressure  chamber. 

The  main  chamber  had  a  volume  of  8 
cubic  meters  and  the  antechamber  of  2 
cubic  meters.  The  main  chamber  was 
first  filled  with  a  mixture  of  0.8  ATA 
helium  and  0.2  ATA  O2.  The  subjects 
entered  the  antechamber  which  con¬ 
tained  air ,  and  started  to  breathe  oxy¬ 
gen.  The  antechamber  was  then  de¬ 
compressed  to  the  equivalent  of  25,000 
feet  in  altitude  and  flushed  with  helium. 
This  procedure  was  carried  out  3  times 
within  a  period  of  45  minutes ,  while  the 
subjects  continued  to  breathe  oxygen. 
After  this  period,  the  02  content  of  the 
antechamber  was  raised  to  0.2  ATA. 

The  subjects  then  entered  the  main 
chamber . 

With  this  procedures,  the  N2  partial 
pressure  of  the  ambient  atmosphere  in 
the  chamber  was  kept  below  1  mm  Hg 
(actually  about  0.75  mm  Hg).  Nitrogen 
exhaled  by  the  subject  into  the  chamber 
during  the  24-hour  period  was  estimated 
to  raise  the  nitrogen  concentration  in 
the  10  cubic  meter  volume  of  the  cham¬ 
bers  by  0. 005%,  or  an  increase  in  the 
partial  pressure  of  nitrogen  in  the 
chambers  from  0.75  to  0.76  mm  Hg. 

No  special  procedures  were  required  in 
the  other  two  24-hour  experiments  with 
2  ATA  air,  1  ATA  air,  and  1  ATA  he¬ 
lium. 

This  report  also  includes  studies 
which  were  carried  out  during  satura¬ 
tion-excursion  dives  to  800  and  1000 


feet  while  breathing  helium-oxygen  at¬ 
mospheres,  and  during  a  12-day  satur¬ 
ation  exposure  at  200  feet. 

During  these  experiments,  samples 
of  mixed  expired  gas  and  alveolar  gas 
were  collected,  together  with  samples 
of  the  chamber  atmosphere  in  evacu¬ 
ated  steel  cylinders  and  later  analyzed 
with  a  mass  spectrometer  at  the  Naval 
Research  Laboratory,  Washington,  D.C. 

Data  of  respiratory  O2  and  CO2  gas 
exchange  obtained  during  these  experi¬ 
ments  has  been  published  elsewhere25,  . 

Moreover,  additional  data  are  pre¬ 
sented  from  a  recent  investigation  car¬ 
ried  out  during  a  200-foot  air  dive  in 
which  continuous  breath-by-breath  anal¬ 
ysis  of  inhaled  and  exhaled  nitrogen, 
oxygen,  carbon  dioxide,  and  argon  was 
carried  out. 


RESULTS 

I.  Nitrogen  elimination  under  nor¬ 
mal  conditions. 

Nitrogen  elimination  under  normal 
conditions,  breathing  air,  (Figure  1) 
shows  a  characteristic  example  of  a 
mass  spectrometric  analysis  of  partial 
pressure  of  respiratory  gases  during 
expiration.  The  straight  line  shows, 
for  comparison,  a  corresponding  in¬ 
crease  of  PN2  and  PAr  by  increasing 
the  total  pressure  of  room  air  at  the 
capillary  tip .  In  the  expiration  curve, 
one  can  see  that  the  nitrogen  and  argon 
partial  pressures  behave  in  a  signifi¬ 
cantly  different  manner .  At  the  begin¬ 
ning  of  the  expiration, the  nitrogen  par¬ 
tial  pressure  increases  rapidly  while 


the  argon  partial  pressure  remains 
nearly  unchanged  and  only  slowly  rises 
later.  The  mean  excess  of  PN2  a- 
mounts  to  3.  5  mm  Hg.  For  a  mean 
breathing  volume  of  8L/min  this 
means  a  N2/excretion  of  4  ml/min. 

Nitrogen  elimination  of  the  lungs 
measured  in  20  subjects  under  resting 
conditions  was  found  to  be  1. 5  to  9.1 
milliliters  per  minute . 

n.  Nitrogen  elimination  in  subjects 
surrounded  by  an  environment  free  of 
nitrogen  or  100%  nitrogen. 

In  the  second  series  of  experiments, 
the  nitrogen  elimination  was  measured 
in  subjects  surrounded  either  by  an  at¬ 
mosphere  made  nitrogen- free ,  or  con¬ 
taining  100%  nitrogen,  while  these  sub¬ 
jects  were  simultaneously  breathing 
room  air.  If  the  atmosphere  surround¬ 
ing  the  subject  consisted  of  pure  nitro¬ 
gen,  the  nitrogen  elimination  through 
the  lungs  during  one  hour  was  not  in¬ 
fluenced  in  a  measurable  way,  as  shown 
in  Table  1.  However,  nitrogen  elimina¬ 
tion  decreased  if  the  atmosphere  en¬ 
closing  the  subject  consisted  of  pure 
oxygen,  or  helium- oxygen.  In  an  oxy¬ 
gen  atmosphere,  the  nitrogen  elimina¬ 
tion  fell  to  61%  of  the  nitrogen  elimi¬ 
nation  measured  under  normal  condi¬ 
tions  (1  AT  A).  In  a  helium  atmosphere, 
while  the  subjects  were  breathing  room 
air ,  the  nitrogen  elimination  was  re¬ 
duced  to  68%  of  the  original  value.  Ac¬ 
cording  to  Table  1,  the  nitrogen  elimi¬ 
nation  reached  a  new  steady  state 
quickly  following  the  change  in  the  at¬ 
mosphere  surrounding  the  subject.  For 
a  series  in  which  bag  air  was  replaced 
by  helium  and  by  oxygen,  respectively, 


Table  1.  The  Effect  of  an  Ambient  Nitrogen-Helium  and  Oxygen 
Atmosphere  on  Nitrogen  Elimination  Through  The 
Lungs  in  7  Subjects 


P  jsj 2  t  TORR 1 


1  slope  for  proportional  pressure  increase  of  PN2 
and  PAr 

2  course  of  a  prolonged  expiration 


Fig.  1.  X-Y  plot  of  proportional  pressure  increase  of  nitrogen  PN2  and  argon  PAr  obtained  by  increasing 
the  total  pressure  of  room  air  at  the  tip  of  the  capillary  tip  of  the  mass  spectrometer  is  presented 
in  curve  1.  X-Y  plot  ofPN2  and  PAr  during  the  course  of  a  prolonged  expiration  differs  from 
control  curve  I  showing  an  excess  of  nitrogen. 


the  control  values  were  2.49  milliliters 
per  min.  and  decreased  to  1.66  ml/ 
min  after  10  min  in  the  helium  atmos¬ 
phere  and  to  1.24  ml/min  after  20  min 
in  the  oxygen  atmosphere.  At  the  same 
time,  the  nitrogen  content  of  the  bag 
surrounding  the  body  increased  by  8 


ml/min  in  the  oxygen  atmosphere  and 
5  ml/min.  in  the  helium  atmosphere. 
According  to  these  figures,  the  nitrogen 
elimination  through  the  lungs  was  some¬ 
what  higher  when  the  surrounding  at¬ 
mosphere  was  helium  as  compared  to 
oxygen. 


HI.  Nitrogen  elimination  during  the 
exposure  to  different  gas  mixtures  at 
different  pressure . 

In  this  series  of  experiments ,  the 
ambient  atmosphere  and  the  breathing 
gas  were  the  same. 

The  results  of  these  experiments  are 
shown  in  Figure  2.  At  a  pressure  of  2 
ATA-air  the  nitrogen  elimination  was 
increased  by  a  factor  of  2,  as  a  mean. 
However ,  during  the  24-hour  period  in 


which  the  nitrogen  elimination  was  ob¬ 
served,  considerable  variations  oc¬ 
curred. 

The  nitrogen  elimination  remained 
elevated  continuously  when  compared  to 
the  values  obtained  under  normal  at¬ 
mospheric  pressures ,  with  the  excep¬ 
tion  of  some  measurements  during  the 
night.  In  the  second  series  of  experi¬ 
ments  ,  in  which  one  ATA  helium  was 
added  to  one  atmosphere  of  air  there 
appeared  to  be  no  significant  influence 


Fig.  2.  Nitrogen  elimination  during  20-24  hour  exposure  to  a)  2  ATA  air,  b)  1  ATA  Helium  +  1  ATA 
Air  and  c)  0.8  ATA  Helium-0.2  ATA  oxygen.  Marked  reduction  of  nitrogen  elimination  in 

helium-oxygen  atmosphere. 
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on  the  nitrogen  elimination.  However, 
in  this  case  too,  a  larger  variation  in 
the  elimination  of  nitrogen  was  ob¬ 
served.  In  the  oxygen- helium  atmos¬ 
phere,  there  is  a  significant  reduction  of 
nitrogen  elimination  below  control  val¬ 
ues.  The  nitrogen  elimination  de¬ 
creased  in  an  exponential  manner  dur¬ 
ing  the  first  ten  hours  without  reaching 
zero  values  during  the  entire  18-hour 
experiment. 


In  Figure  3,  average  nitrogen  excre¬ 
tion  values  obtained  after  18-24  hour 
exposure  to  different  gas  mixtures  are 
plotted  against  partial  pressures  of  in¬ 
spired  nitrogen.  There  is  a  nearly 
straight-line  relationship  between  the 
partial  pressure  of  nitrogen  in  the  am¬ 
bient  air  and  the  amount  of  nitrogen 
excreted  through  the  lungs .  The  line 
crosses  the  abscissa  at  0. 5  ml  of  ni¬ 
trogen  excreted  when  the  ambient  par- 


ml  of  Nitrogen  Excreted/min. 

(  After  24  Hours) 

Fig.  3.  Plot  or  partial  pressure  of  nitrogen  in  ambient  atmosphere  against  nitrogen  elimination  measured 
after  18-24  hours  of  exposure  to  different  atmospheres.  Values  from  Figure  2  are  used.  ( x )  data 
ob  tained  by  Herron  et  all 2  after  exposure  to  a  helium-oxygen  atmosphere  for  1 3  hours. 

9 


tial  pressure  of  nitrogen  is  zero,  which 
is  the  metabolic  component  of  nitrogen 
excretion  through  the  lungs  under  rest¬ 
ing  conditions .  The  cross  marks  the 
value  of  0.86  ml/min  obtained  by  Her¬ 
ron  et  al^2  after  13  hours  in  a  He-02 
atmosphere. 

IV.  Nitrogen  elimination  during  sat¬ 
uration  dives. to  200  feet  and  saturation- 
excursion  dives  to  800  and  1,000  feet. 

Mass  spectrometric  analysis  was 
carried  out  in  three  saturation-excur¬ 
sion  dives  on  inspired  and  expired  air 
samples  obtained  at  various  time  inter¬ 
vals  .  The  respiratory  exchange  ratio 
(R)  was  determined  using  the  standard 
formula: 

feco2  -  fico2 

(1  -  FE02  -  FIC02) 

FI°2*  (  1  -  FI02  -  FIC02)  "  FE°2 

The  ratio  of  the  measured  expired  to 
inspired  nitrogen  partial  pressure  was 
also  calculated. 

Since  the  R  values  remained  constant 
at  about  1.00  throughout  the  diving  ex¬ 
periments  ,  with  the  exception  of  slightly 
higher  values  at  the  beginning  and  end  of 
the  experiments ,  one  would  expect  that 
the  ratio  of  expired  to  inspired  nitrogen 
would  also  remain  constant.  However, 
there  was  a  marked  transitory  increase 
during  the  dives  followed  by  a  decline 
and  a  secondary  rise  and  decrease . 
These  cyclic  variations  of  the  ratio  of 
expired  to  inspired  nitrogen  were  found 
in  every  one  of  the  three  dives  involving 
a  total  of  seven  subjects  (Figure  4,  5 
and  6). 

The  level  of  inspired  nitrogen  was 
markedly  reduced  in  all  dives  and  re- 


Fig.  4.  Saturation-excursion  dive  to  800  feet  of  sea 
water  (FSW)  on  2  subjects.  Time  courses  of 
partial  pressure  of  nitrogen  in  am  bient  at¬ 
mosphere.  R.Q. ,  values,  ratio  of  exhaled 
nitrogen  fraction  to  fraction  of  inhaled 
nitrogen  and  depth  profile  are  plotted. 


Fig.  5.  Saturation-excursion  dive  to  depth  equivalent  to  1000  feet  of  seawater  (2  subjects).  From  top  to 
bottom.  Time  course  of  partial  pressure  of  nitrogen  in  ambient  atmosphere ,  R.Q.  values,  ratio  of 
fraction  of  expired  nitrogen  to  fraction  of  inspired  nitrogen  and  depth  profile.  Note  the  cycles  in 
FEN2IFIN2  while  R.Q.  values  remain  constant. 
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Saturation  dive  to  200  FSW  breathing  helium-oxygen  lasting  for  12  days  (3  subjects ).  Cycles  of  ratio  of  expired  nitrogen! inspired  nitrogen 
appear  in  intervals  of  approximately  S  days  without  corresponding  changes  in  R.Q.  values. 


mained  in  most  cases  practically  con¬ 
stant  at  the  time  these  increases  in  the 
ratio  of  expired  to  inspired  nitrogen  oc¬ 
curred.  This  circumstance  indicates 
that  the  observed  increase  in  nitrogen 
excretion  was  independent  of  the  level  of 
inspired  nitrogen. 


V.  Demonstration  of  large  increases 
in  the  differences  between  exhaled  and 
inhaled  nitrogen  associated  with  the  de¬ 
velopment  of  bends  ♦ 

Figure  7  shows  the  diving  profile,  the 
respiratory  rate,  the  alveolar  PCO2  > 
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Fig.  7.  Dive  to  depth  equivalent  to  198  feet  of  seawater  breathing  air  and  subsequent  decompression  in 

which  the  subject  was  breathing  oxygen  at  4  stages.  Note  the  marked  decrease  in  respiratory  rate 
and  the  associated  rise  of  endtidal  CO2  during  inhalation  of  oxygen.  Following  initial  nitrogen 
washout  in  oxygen  breathing  the  concentration  of  exhaled  nitrogen  rose  again  and  remained 
elevated  during  the  periods  of  oxygen  breathing.  At  the  same  time  the  diver  experienced  skin 

bends. 


PC>2,  PN2  and  the  difference  between 
alveolar  and  inspired  partial  pressure 
of  nitrogen.  During  the  decompression 
period  following  the  air  dive  to  198  feet, 
the  subject  inhaled  pure  oxygen  on  four 
occasions  to  hasten  nitrogen  elimina¬ 
tion.  Breathing  of  oxygen  from  the 
mask  resulted  each  time  in  a  marked 
fall  of  respiratory  rate.  During  the 
first  period  of  oxygen  breathing,  there 
was  a  typical  nitrogen  washout  curve 
and  the  exhaled  nitrogen  fell  to  values 
of  5-9  mm  Hg. ,  but  the  exhaled  (alveo¬ 
lar)  nitrogen  later  increased  to  values 
between  50-70  mm  Hg,  while  the  nitro¬ 
gen  partial  pressure  of  inhaled  gas  was 
zero.  The  period  of  increased  alveolar 
nitrogen  levels  coincided  with  the  per¬ 
iod  in  which  the  subject  complained 
about  skin  bends  (see  Figure  7). 

DISCUSSION 

In  previous  experiments  nitrogen  ex¬ 
cretion  via  the  lungs  had  been  deter¬ 
mined  under  resting  conditions  during 
tests  of  one-hour  duration.  The  result¬ 
ing  measurements  were  1.  5-9. 1  ml/ 

TO 

min  with  an  average  of  5.  87  ml/min  . 
Extrapolating  these  values  to  24  hours, 
the  nitrogen  excretion  ranges  from  2.  7 
to  15. 13  g/day.  Assuming  a  daily  pro¬ 
tein  intake  of  about  100  g,  with  a  result¬ 
ing  uptake  of  16  g  N2  and  assuming  fur¬ 
ther  that  all  nitrogen  excreted  by  the 
lungs  is  of  metabolic  origin,  25%  to  95% 
of  the  nitrogen  taken  in  with  the  protein 
of  the  food  would  be  eliminated  as  mole¬ 
cular  nitrogen  via  the  lungs.  This 
would  represent  a  very  large  proportion 
of  the  nitrogen  balance  and  would  have 
been  discovered  a  long  time  ago. 

The  difference  between  nitrogen  con¬ 
tent  of  the  food  and  nitrogen  content  of 


urine  for  24  hours  is  approximately 
one  gm. 

As  a  consequence,  nitrogen  elimi¬ 
nated  via  the  lungs  must  have  still  other 
sources.  The  diffusion  of  molecular 
nitrogen  from  the  ambient  air  through 
the  skin  into  the  body  followed  a  partial 
pressure  gradient  must  be  taken  into 
consideration.  The  contribution  of  the 
diffusion  component  to  the  nitrogen 
elimination  via  the  lungs  has  been  dem¬ 
onstrated  in  these  experiments,  in 
which  the  ambient  gases  consisted  of  2 
ATA  air  and  0.  8  He  +  0. 2  ATA  O2,  re¬ 
spectively.  In  He-C>2,  the  nitrogen 
elimination  was  greatly  reduced  as 
shown  in  Figure  2.  The  values  obtained 
during  the  first  eight  hours  must  be 
considered  as  part  of  the  washout  proc¬ 
ess  of  nitrogen,  and  they  correspond 
with  those  previously  published  for 
shorter  time  periods  of  02  or  He 
breathing  2,13,27  t  During  the  subsequent 
12  hours,  the  level  of  nitrogen  excretion 
remained  fairly  constant,  averaging 
about  0.5  ml/min  (Figure  2).  The  dif¬ 
fusion  from  the  ambient  air  contributed, 
therefore,  about  95%  to  the  nitrogen  ex¬ 
cretion  via  the  lungs  under  ambient 
conditions.  The  value  of  0.5  ml/min 
is  in  close  agreement  with  data  reported 
by  Herron,  Saltzman,  Hills  and  Kyls- 
tra^2  who  found  after  13  hours  of  expos¬ 
ure  to  a  helium -oxygen  atmosphere  a 
nitrogen  excretion  of  between  0.  6-0.  8 
ml/ min. 

If  one  calculates  the  nitrogen  excre¬ 
tion  for  a  24-hour  period  based  on  a  ni¬ 
trogen  excretion  of  0.5  ml,  the  daily 
nitrogen  elimination  via  the  lungs 
amounts  to  0. 86  g/day  which  corre¬ 
sponds  closely  with  the  frequently  found 
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deficit  between  nitrogen  uptake  in  food 
and  nitrogen  elimination  through  the 
urine  and  faeces  of  approximately  one 
g  per  day.  These  observations  were 
made  in  long-term  (156-220  days)  ni¬ 
trogen  balance  studies  in  23  human  sub¬ 
jects,  who  did  not  gain  weight^. 

In  the  short-term  bag  experiment, 
air  was  the  breathing  gas.  Therefore, 
a  nitrogen  gradient  from  the  alveoli  to 
the  blood  and  the  skin  had  to  develop  in 
contrast  to  the  24-hour  helium  experi¬ 
ments  in  the  chamber ,  where  inhaled 
and  ambient  Pj^  were  the  same  result¬ 
ing  in  a  nitrogen  gradient  from  the  tis¬ 
sues  into  blood  and  alveoli  and  from  the 
tissues  through  the  skin.  The  differ¬ 
ence  between  VN2  -  79. 1  X  VAR  meas¬ 
ured  in  the  bag  experiments  might  not 
represent  a  nitrogen  elimination  through 
the  lung,  but  rather  an  uptake  of  argon, 
because  argon  in  the  bag  might  have 
been  diluted  by  water  vapour  and  CO2 
excreted  from  the  skin.  Since  argon 
has  a  higher  solubility  coefficient  than 
nitrogen,  the  argon  uptake  might  be 
relatively  higher  than  the  nitrogen  elim¬ 
ination. 

A  competition  between  the  two  proc¬ 
esses  of  argon  uptake  and  nitrogen 
elimination  could  perhaps  explain  the 
large  variation  observed  during  the  ex¬ 
periment  with  2  ATA  air  (Figure  2) . 

Following  the  compression  to  2  ATA, 
there  is  first  a  large  rise  in  nitrogen 
excretion.  This  can  be  partially  ex¬ 
plained  by  an  increase  in  argon  uptake 
until  the  tissues  are  saturated.  The 
subsequent  fall  of  nitrogen  excretion 
occurs  during  the  night  hours  and  ap¬ 
pears  to  represent  diurnal  changes  in 
pulmonary  nitrogen  excretion,  since 


parallel  decreases  also  occur  during 
the  same  time  in  the  experiment  with  1 
ATA  air  and  one  ATA  He,  perhaps  in 
parallel  to  the  skin  perfusion.  More¬ 
over,  Abernethy  et  al^  observed  diurnal 
changes  in  urinary  nitrogen  excretion 
with  a  peak  during  the  night  hours , 
showing  the  opposite  trend  to  the  diurnal 
changes  in  pulmonary  excretion  ob¬ 
served  in  these  studies. 

The  subsequent  rise  of  pulmonary 
nitrogen  excretion  in  the  morning  hours 
in  the  experiment  with  2  ATA  to  a  pla¬ 
teau  considerably  below  the  initial  val¬ 
ues  could  be  interpreted  as  part  of  di¬ 
urnal  variation.  The  lowering  of  this 
second  increase  could  be  caused  by  the 
fact  that  argon  has  reached  a  saturation 
in  the  tissue  and  does  not  therefore  in¬ 
terfere  with  the  nitrogen  elimination  as 
measured.  The  average  values  of  ni¬ 
trogen  excretion  obtained  after  18-24 
hours  at  different  levels  of  inspired  ni¬ 
trogen  pressures  (Figure  2)  show  a 
nearly  linear  relationship.  At  an  in¬ 
spired  nitrogen  level  of  0  ATA  it  dem¬ 
onstrates  anend point  of  0.5  ml/min  of  N2 
This  is  considered  the  non-diffusion,  or 
metabolic  part  of  the  nitrogen  release. 
In  the  light  of  these  findings  on  pulmon¬ 
ary  nitrogen  excretion,  it  appears  that 
the  blood  transport  capacity  of  nitrogen 
should  be  examined. 

Under  normal  conditions  (0 . 8  ATA 
N2)  one  liter  of  blood  contains  11.2  ml 
of  nitrogen,  based  on  a  solubility  coef¬ 
ficient  of  nitrogen  of  0.014.  Assuming 
a  cardiac  output  [minute  volume]  of  5 
liters/min,  56  ml  of  nitrogen  will  reach 
the  lungs  every  minute .  A  pulmonary 
nitrogen  excretion  of  5-10  ml/minwould 
cause  a  decrease  of  the  partial  pres¬ 
sure  from  0.72  to  0.65  which  is  equal 


to  a  decrease  from.  547  to  494  mm  Hg. 
Such  large  arterial-venous,  nitrogen 
gradients  have  not  yet  been  meas- 
uredi0, 1{  Further  investigations  of  the 
means  of  transportation  of  nitrogen  and 
the  transport  capacity  for  nitrogen  are 
planned  to  clarify  this  problem. 

In  the  light  of  these  considerations 
on  nitrogen  transport  of  the  blood,  the 
recently  reported  values  of  Cissik  et  al5 
appear  questionable.  They  show  nitro¬ 
gen  excretion  of  between  100-200  ml/ 
min  following  protein-rich  meals .  Ex¬ 
cretion  of  such  quantities  following  a 
protein-rich  meal  with  a  nitrogen  con¬ 
tent  of  10  grams  would  mean  that  the 
nitrogen  of  the  total  meal  would  be 
eliminated  via  the  lungs  within  40-80 
minutes.  The  arterio-venous  differ¬ 
ence  would  have  to  be  larger  than  one 
ATA  in  this  case,  if  such  a  quantity  of 
nitrogen  had  to  be  transported  in  physi¬ 
cal  solution 

Cyclic  increases  in  pulmonary  nitro¬ 
gen  excretion  were  found  in  all  three 
saturation  diving  experiments  without 
concomitant  changes  in  the  classical 
respiratory  quotient.  These  findings 
indicate  that,  following  washout  of  ni¬ 
trogen  in  a  helium-oxygen  atmosphere 
at  high  pressure,  delayed  excretion  of 
nitrogen  occurs ,  unrelated  to  carbon 
dioxide /oxygen  exchange .  These  de¬ 
layed  nitrogen  excretions,  which  varied 
in  time  between  one  and  three  days 
might  influence  decompression  events. 

It  is  difficult  to  interpret  these  cyclic 
rises  in  pulmonary  nitrogen  elimination. 
They  could  be  due  to  release  of  accumu¬ 
lated  nitrogen  deriving  from  the  metab¬ 
olism,  or  as  results  of  altered  meta¬ 
bolic  processes.  Moreover,  insuffi¬ 


cient  nitrogen  elimination  over  a  period 
of  time,  associated  with  respiratory, 
and  perfusion- ventilation  changes , 
could  produce  the  appearance  of  larger 
differences  between  expired  and  in¬ 
spired  nitrogen. 

In  Figure  7,  an  example  of  the  devel¬ 
opment  of  larger  differences  between 
expired  and  inspired  nitrogen  is  pre¬ 
sented.  This  occurred  while  subjects 
were  breathing  oxygen  during  decom¬ 
pression  from  an  air  dive  to  198  feet. 
The  oxygen  breathing  by  mask  was  as¬ 
sociated  with  a  dramatic  fall  of  respir¬ 
ation  rate  and  elevated  alveolar  CO2 
tension.  Following  a  normal  nitrogen 
washout  curve  in  which  expired  nitrogen 
decreased  within  a  few  minutes  to  levels 
between  3-9  mm  Hg,  sudden  increases 
in  the  difference  between  inspired  ni¬ 
trogen  (zero)  and  expired  nitrogen  (70 
mm  Hg)  occurred  at  the  same  time  as 
the  diver  experienced  skin  bends .  Dur¬ 
ing  the  two  subsequent  periods  of  oxygen 
breathing,  the  same  phenomenon  was 
observed.  During  the  period  of  one 
hour  and  40  minutes  while  the  diver  ex¬ 
perienced  skin  bends,  the  concentration 
of  exhaled  nitrogen  was  increased,  a 
condition  which  indicates  that  the  devel¬ 
opment  of  bends  in  this  case  was  asso¬ 
ciated  with  an  inability  to  eliminate  ni¬ 
trogen  in  sufficient  quantities . 
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